Abstract Modern microscopy techniques are aimed at imaging an individual molecule at atomic resolution. Here we show that low-energy electrons with kinetic energies of 50-250 eV offer a possibility of overcome the problem of radiation damage, and obtaining images of individual biomolecules. Two experimental schemes for obtaining images of individual molecules -holography and coherent diffraction imaging -are discussed and compared. Images of individual molecules obtained by both techniques, using low-energy electrons, are shown.
Introduction
Investigating the structure of biomolecules at the atomic scale has always been of utmost importance for healthcare, medicine and life science in general, since the three-dimensional shape of proteins, for example, relates to their function. At the moment, these structural data are predominantly obtained by X-ray crystallography, cryo-electron microscopy and NMR. Despite there being an impressive database (www.pdb.org) obtained with these methods, they all require large quantities of a particular protein. This leads to averaging over fine conformational details in the recovered structure. The goal of modern imaging techniques is to visualize an individual biomolecule at atomic resolution.
Imaging an individual molecule: choice of radiation
A direct visualization of an individual molecule at Ångstrom resolution can be achieved using electron or X-ray waves which have a wavelength of about 1 Å, see Fig. 1 . Although both, X-rays and high-energy electrons possess sufficiently short wavelengths to resolve the individual atoms constituting a protein, the resolution achieved is mainly limited by radiation damage inherent to both types of radiation. 
Imaging with high-energy electrons (80-200 keV)
In cryo-electron microscopy (Adrian et al. 1984) , cooling the sample to the temperature of liquid nitrogen allows a higher electron dose to be used for the same amount of radiation damage. Depending on the resolution required, typical electron exposures vary between 5 and 25 e/Å 2 (Henderson 2004 ). Due to the very low signal-to-noise ratio in the images obtained, over 10,000 images of individual molecules typically need to be collected and averaged to arrive at the reconstruction of the structure (van Heel et al. 2000) .
Imaging with X-rays
Visualization of an individual molecule at atomic resolution by employing X-rays is planned at the X-ray Free Electron Lasers (XFELs) facilities which are being developed worldwide. Here the radiation damage problem (Howells et al. 2009 ) is circumvented by employing ultra-short X-ray pulses, which allow the diffraction pattern of an individual molecule to be recorded before it decomposes due to the strong inelastic scattering (Neutze et al. 2000; Bergh et al. 2008) . High intensity X-ray laser pulses will provide the intensity in the diffraction pattern detected at the high scattering angles, which is required for further numerical recovery of the molecular structure at high resolution.
Imaging with low-energy electrons (50-250 eV)
Low-energy electrons (with kinetic energies of 50-250 eV, corresponding to wavelengths of 0.78-1.73 Å) can be employed to visualize individual biomolecules directly. It has been shown (Germann et al. 2010 ) that individual DNA molecules can withstand low-energy electron radiation having energy of 60 eV (corresponding to a wavelength of 1.58 Å) for at least 70 minutes. This in total amounts to a radiation dose of 10 6 e/Å 2 , which is at least six orders of magnitude larger than the permissible dose in high-energy electron microscopy or X-ray imaging.
Imaging an individual molecule: the phase problem
The principle of lensless imaging of an individual molecule is as follows: when a coherent wave is scattered by a molecule, it carries both, amplitude and phase information imposed by the scattering event. The phase distribution is especially important since it carries information about the position of the atoms constituting the molecule. However, detectors are not sensitive to the phase information; instead they just record the intensity which is the square of the wave amplitude. Hence, the recovery of the complex-valued scattered wave requires a solution to the so-called phase problem. Today there are two known solutions to the phase retrieval problem: holography and coherent diffraction imaging (CDI), both schematically shown in Fig. 2 . Their proper implementation would ultimately allow the atomic mapping of an individual molecule in three dimensions. In Fig. 3 , the experimental set-ups for both, holographic and CDI recording with low-energy electrons designed and built in our laboratory (Fink et al. 1990; Steinwand et al. 2011 ) are sketched. Fig. 3 . Low-energy electron microscopes. Coherent low-energy electrons are extracted from the electron point source (EPS) by field emission. A biological molecule is fixed in the sample holder (SH). In the holographic microscope, the interference between the scattered (object) wave and unscattered (reference) wave is recorded by the detector unit (consisting of a micro-channel plate (MCP) followed by a phosphor screen (PS)). In the CDI microscope, the electron beam is collimated by a microlens (ML) and the detector unit consists of an MCP followed by a fibre optic plate (FOP) with a thin phosphorous layer (PS).
Holography
In holography the unknown wave that is scattered by an object is superimposed with a known reference wave. A hologram is the interference pattern formed by constructive and destructive interference between these two waves (Gabor 1949) and is illustrated in Fig. 4 . The holography technique uniquely solves the phase problem in one step because of the presence of the reference wave. However, it lacks high resolution due to the higher-order scattered signal being buried in the experimental noise of the reference wave. Fig. 4 . Illustration of recording an inline hologram and reconstructing the object. Recording: the superposition of the reference wave and the wave scattered by the object is recorded; a magnified region of the hologram shows the fringes of the interference pattern. Reconstruction: back propagation of the recovered object wave from the hologram plane to the planes of the object's location (analogous to optical sectioning) results in a threedimensional reconstruction.
Hologram reconstruction includes two steps: (1) illumination of the hologram with the reference wave and (2) backward propagation of the wavefront to the position of the object. In numerical reconstruction, the complex-valued reference wave at the hologram plane is simulated and the propagation from the hologram back to the object is calculated using Huygens' principle and Fresnel formalism:
where H(r) is the hologram's transmission function distribution, r and are defined as illustrated in Fig. 4 , and the integration is performed over the hologram's surface s. The result of this integral transform is a complex-valued distribution of the object wavefront at any coordinate , and, hence, a three-dimensional reconstruction. An example of an inline hologram of an individual DNA molecule and its reconstruction is shown in Fig. 5 . The successful trials during the last decade of imaging individual biological molecules by low-energy electron holography include the imaging of: DNA molecules (Fink et al. 1997; Eisele et al. 2008) , phthalocyaninato polysiloxane molecules (Golzhauser et al. 1998) , the tobacco mosaic virus (Weierstall et al. 1999 ), a bacteriophage (Stevens et al. 2011 ) and ferritin . Despite a very short wavelength (1-2 Å) of the probing electron wave, the resolution in the reconstructed molecular structures remains in the order of a few nanometres. The reason is that the resolution in inline holography is limited by the detectability of the interference fringes at high diffraction angles (Spence et al. 1994; Latychevskaia et al. 2011 ) (such as, for instance, the fringes shown in the magnified region in Fig. 4 ). The pattern of these fine fringes is very sensitive to the object's lateral movements and can be destroyed by the object shifting even by just the distance corresponding to the wavelength. In addition, these fine fringes are often buried in the experimental noise of the reference wave.
Coherent diffraction imaging
CDI is a relatively modern technique which combines the recording of a far-field diffraction pattern of a non-crystalline object and the numerical recovery of the object structure. In 1952, Sayre proposed that it was possible to recover the phase information associated with scattering off a non-crystalline specimen by sampling its diffraction pattern at a frequency higher than twice the Nyquist frequency (oversampling) (Sayre 1952) . In 1972, Gerchberg and Saxton proposed an iterative algorithm to recover the phase distribution from two amplitude measurements taken: at the object plane and at the far-field plane (Gerchberg and Saxton 1972) . In 1998, Miao et al. combined these two ideas and successfully recovered an object from its oversampled diffraction pattern (Miao et al. 1998) . They demonstrated that the phase retrieval algorithm converges if the initial conditions are such that the surrounding of the molecule ("support") is known. The concept of knowing the support of the molecule is analogous to the solvent flattening technique in the phasing methods. The known surrounding of a molecule is usually mathematically described by zero-padding the object, which in turn leads to oversampling of the spectrum in the Fou-rier domain. Thus, reconstruction becomes possible if the diffraction pattern is recorded under the oversampling condition (Miao et al. 1999; Miao and Sayre 2000; Miao et al. 2003b) ; this is also illustrated in Fig. 6 . Fig. 6 . Sampling at the Nyquist frequency (upper row) and twice the Nyquist frequency (lower row). The Fourier transform of the spectrum sampled at the Nyquist frequency results in the object distribution filling the entire reconstructed area. The Fourier transform of the spectrum sampled at twice the Nyquist frequency results in the zero-padded object distribution (Miao and Sayre 2000) .
The basic iterative reconstruction loop (Fienup 1982 ) is shown in Fig.  7 . It begins with the complex-valued wave distribution at the detector plane which is formed by the superposition of the square root of the measured intensity and a random phase distribution. In the object domain various constraints are applied. For instance, the electron density reconstructed from the X-ray diffraction images must be real and positive.
The resolution in CDI is defined by the outermost detected signal in the diffraction pattern, R=/sin, where  is the scattering angle. The resolving power of the CDI technique has already been demonstrated by the reconstruction of a double-walled carbon nanotube at a resolution of 1 Å from a coherent diffraction pattern recorded using a 200 keV electron microscope exhibiting a nominal conventional TEM resolution of 2.2 Å (Zuo et al. 2003) . The X-ray diffraction pattern of a crystal, unlike that of an individual molecule, displays a strong signal due to the periodicity of the crystal.
Obtaining an X-ray diffraction pattern of an individual molecule in turn requires a much more intense X-ray beam. As a consequence, the resolution is limited by radiation damage and remains very moderate. A few biological specimens have been imaged by CDI using X-rays at a resolution of a few nanometres: E.coli bacteria (Miao et al. 2003a) , an unstained yeast cell (Shapiro et al. 2005) , single herpes virions (Song et al. 2008 ), malaria-infected red blood cells (Williams et al. 2008 ), a frozen hydrated yeast cell (Huang et al. 2009 ), human chromosomes (Nishino et al. 2009 ), unstained and unsliced freeze-dried cells of the bacterium Deinococcus radiodurans by ptychography (Giewekemeyer et al. 2010) , and labelled yeast cells (Nelson et al. 2010) . Ultra-short and extremely bright coherent X-ray pulses from XFEL allow the recording of a high-resolution diffraction pattern before the sample explodes (Neutze et al. 2000; Bergh et al. 2008) . The first results from the first XFEL facility to be operational (the Linac Coherent Light Source) reported imaging an individual unstained mimivirus at 32 nanometre resolution (Seibert et al. 2011) ; in this experiment an X-ray pulse of 1.8 keV (6.9Å) energy and 70 fs duration was focused to a spot 10m in diameter with 1.6x10 10 photons per 1 m 2 . A sub-nanometre resolution could be achieved by employing shorter pulses and a higher photon flux (Bergh et al. 2008; Seibert et al. 2011) ; at present this is beyond the capabilities of the XFELs but might be realized with the next generation of XFELs.
Comparing holography and CDI
Each of the two techniques has its pros (+) and cons (-), which are summarized below:
Holography
• Requires well-defined reference wave over entire detector area (-)
• Non-iterative reconstruction by calculating back-propagation integral (+)
• Three-dimensional reconstruction (+)
• Low resolution, due to high sensitivity of the interference pattern to object shifts and experimental noise in the reference wave (-)
CDI
• No reference wave is required (+) • Reconstruction is done by an iterative procedure and does not always converge to a uniquely defined outcome (-)
• Reconstruction is not three-dimensional, it is limited to one plane (-) • High resolution provided by stability of diffraction pattern being insensitive to shifts of the object (+)
HCDI: Combining holography and CDI
Recently, we revealed the relationship between the hologram and the diffraction pattern of an object, which allows holography and CDI to be combined into a superior technique: holographic coherent diffraction imaging (HCDI). HCDI inherits fast and reliable reconstruction from holography and the highest possible resolution from CDI ).
The Fourier transform of an inline hologram is proportional to the complex-valued object wave in the far-field, as is illustrated for experimental images in Fig. 8 . Thus, the phase distribution of the Fourier transform of the inline hologram provides the phase distribution of the object wave in the far-field and hence the solution to the "phase problem" in just one step. The diffraction pattern is then required to refine the reconstruction of the high-resolution information by a conventional iterative procedure. In addition, the central region of the diffraction pattern, which is usually missing, can be adapted from the amplitude of the Fourier transform of the hologram; see Fig. 8d .
The hologram and the diffraction pattern of a bundle of carbon nanotubes recorded with the coherent low-energy electron diffraction microscope (Steinwand et al. 2011 ) are shown in Fig. 9 . The HCDI technique was applied to reconstruct these images and the result is shown in Fig. 9d . Because the phase distribution stored in a holographic image is uniquely defined and is associated with the three-dimensional object distribution, HCDI may offer the possibility of retrieving a threedimensional object distribution from its diffraction pattern.
